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Abstract
Extreme droughts can have profound direct consequences for grassland ecosystems, but it is poorly known
how ecosystems recover from drought and what ecological factors are associated with recovery. Recovery
occurs when ecosystem functioning returns to values observed prior to a perturbation. Here, we tested for
ecosystem recovery after an extreme drought in 2011 in previously established native and exotic experimental
communities in Central Texas. Planted mixtures of all native and all exotic species were crossed with a
summer irrigation treatment, with eight community compositions (random draws) per treatment. Prior to the
drought, native plots had higher diversity than exotic plots, which sets up the prediction that the high-
diversity native plots will recover more quickly than exotics. The extreme drought decreased rain-use
efficiency ([RUE], annual biomass production per unit of rainfall) by 82%. Rain-use efficiency remained well
below pre-drought levels during the growing season after the drought. However, on average, RUE recovered to
pre-drought levels by the second growing season following drought. Exotic communities showed higher RUE
than native communities, and irrigation significantly reduced RUE in both exotic and native communities
across years. Interestingly, not all of the mixtures recovered from the drought, and recovery was associated
with species composition, but not diversity. Rain-use efficiency recovery from drought was greatest in native
communities in which the proportion of C3 forb biomass increased during and following drought and in
exotic communities with a low proportion of short grass biomass. Extreme droughts can exert differential
impacts on plant functional groups, leading to a drought legacy effect that reduces recovery with possible
long-term repercussions.
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Abstract. Extreme droughts can have profound direct consequences for grassland ecosystems, but it is
poorly known how ecosystems recover from drought and what ecological factors are associated with
recovery. Recovery occurs when ecosystem functioning returns to values observed prior to a perturbation.
Here, we tested for ecosystem recovery after an extreme drought in 2011 in previously established native
and exotic experimental communities in Central Texas. Planted mixtures of all native and all exotic species
were crossed with a summer irrigation treatment, with eight community compositions (random draws)
per treatment. Prior to the drought, native plots had higher diversity than exotic plots, which sets up the
prediction that the high-diversity native plots will recover more quickly than exotics. The extreme drought
decreased rain-use efﬁciency ([RUE], annual biomass production per unit of rainfall) by 82%. Rain-use efﬁ-
ciency remained well below pre-drought levels during the growing season after the drought. However, on
average, RUE recovered to pre-drought levels by the second growing season following drought. Exotic
communities showed higher RUE than native communities, and irrigation signiﬁcantly reduced RUE in
both exotic and native communities across years. Interestingly, not all of the mixtures recovered from the
drought, and recovery was associated with species composition, but not diversity. Rain-use efﬁciency
recovery from drought was greatest in native communities in which the proportion of C3 forb biomass
increased during and following drought and in exotic communities with a low proportion of short grass
biomass. Extreme droughts can exert differential impacts on plant functional groups, leading to a drought
legacy effect that reduces recovery with possible long-term repercussions.
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INTRODUCTION
Droughts can have profound direct impacts as
well as indirect effects on ecological systems
(Seastedt and Knapp 1993, Blair 1997, Breshears
et al. 2005, Hanson et al. 2006, Phillips et al.
2009, Smith 2011, Sala et al. 2012a, Schwalm
et al. 2012, Frank et al. 2015). Indeed, impacts of
extreme droughts such as the droughts in the
western North America from 2000 to 2004 (Bres-
hears et al. 2005, Schwalm et al. 2012), in Europe
in 2003 (Ciais et al. 2005), in the Amazon Basin
in 2005 (Phillips et al. 2009) and 2010 (Lewis
et al. 2011), in Greece in 2007 (Founda and Gian-
nakopoulos 2009), and in the Central United
States in 2012 (Knapp et al. 2015) have been well
documented. Moreover, extreme droughts are
consistently predicted to increase in frequency
and intensity by global climate models (IPCC
2013, Fischer and Knutti 2014). Understanding
the likely mechanisms and processes associated
with drought impacts on ecosystems is therefore
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crucial to projecting impacts of climate extremes
on carbon (C) cycling.
The direct impacts of extreme droughts on eco-
systems often are linked to drought-caused plant
mortality or dormancy (Weaver 1954, 1968, Ciais
et al. 2005, Hoover et al. 2014, Polley et al. 2016).
Plants often die during droughts because precipi-
tation deﬁcits and enhanced evaporative demand
trigger soil moisture deﬁcits (Weaver 1954, Zam-
pieri et al. 2009, Scott et al. 2010, Hirschi et al.
2011, Moran et al. 2014). During the 2003 Eur-
ope-wide drought, there was a complete ceasing
of grassland production in part of Central Eur-
ope (European Environment Agency 2005).
The indirect impacts of extreme droughts on
ecosystems can be due to drought-associated
changes in plant community composition. These
shifts in community composition can in turn indi-
rectly affect ecosystem process rates if the shifts
are toward species with trait values that differ sig-
niﬁcantly from those of remaining species (Polley
et al. 2014). These “legacy effects,” which result in
reductions in process rates below expected values
(Sala et al. 2012b), are much less studied in com-
parison with direct impacts of drought. Legacy
effects can operate over multiple time frames,
from days to centuries, but typically manifest
themselves as reduced production of above-
ground biomass (AGB) relative to the levels
expected for a given amount of precipitation in
the years following a drought. These reductions
can be due to the community and species–trait
shifts that occur during and after a drought. Alter-
natively, some theoretical work (transient maxima
hypothesis) predicts that AGB will be higher in
the growing seasons after the drought due to
nutrient buildup during the drought (Seastedt
and Knapp 1993, Blair 1997). This increase in
AGB could lead to higher production for some
time after the drought has concluded. Whether
they are positive or negative, the underlying
mechanisms behind legacy effects are poorly
understood (Smith 2011, Anderegg et al. 2015).
The impacts of droughts on ecosystem pro-
cesses also may differ between exotic and native
plant communities and could shift if climate
change alters precipitation regimes. The invasion
of habitats by exotic species is among the most
serious global change issues, potentially leading
to exotic dominance and the degradation of
native communities (Xu et al. 2015), but few
studies have compared the responses of exotic
and native plant communities to extreme dro-
ught. Exotic grasslands in the tallgrass region
have lower diversity and forb abundance than
native grasslands (Wilsey et al. 2011, Martin
et al. 2014), and this reduced diversity may leave
them more vulnerable to drought (Tilman and
Downing 1994, Isbell et al. 2015). Climate change
is projected to shift the seasonality of precipita-
tion in the southern Plains of the United States,
resulting in wetter summers (Karl and Knight
1998, Allan and Soden 2008, Seager and Vecchi
2010). Whether such a shift in precipitation will
differentially impact exotic and native plants and
the responses of exotic and native communities
to episodic drought is unknown.
A severe drought occurred in 2011 during a
long-term grassland experiment in Central Texas
(National Oceanic and Atmospheric Administra-
tion 2011, Wilsey et al. 2011, 2014, Xu et al. 2015;
Appendix S1: Fig. S1). Tree-ring records show that
the 2011 drought was matched in extremity only
by drought in the year 1789 (records dating from
1550; National Oceanic and Atmospheric Admin-
istration 2011). Our ongoing experiment compar-
ing pure native or exotic species mixtures with
replicated species compositions provided us with
a unique opportunity to study direct drought
impacts as well as potential drought legacies.
Speciﬁcally, we hypothesized that (1) drought
would reduce biomass production and rain-use
efﬁciency ([RUE], annual AGB production per
unit of rainfall) more in species-poor than in spe-
cies-diverse communities and (2) drought-caused
shifts in community composition and diversity
would contribute to a legacy effect that slowed
the recovery of RUE from drought. We expected
drought effects on plant community composition
to differ between native and exotic communities.
MATERIALS AND METHODS
Maintenance of exotic vs. native diversity
experiment
We conducted the experiment at the USDA-
ARS Grassland, Soil, and Water Research Labora-
tory in Central Texas. For a full description of the
experimental design, see Wilsey et al. (2011), Xu
et al. (2015). Brieﬂy, we established the experi-
ment in two blocks planted in October 2007 and
March 2008 using 36 widely distributed native
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and exotic grassland species (Appendix S1:
Table S1, Fig. S2). A two-way factorial treatment
(origin 9 irrigation) was applied to plots
(1 9 1 m) with a randomized block design, using
random draws to vary species composition. There
were eight random draws for each of the four
treatments. Draws were created by randomly
selecting species from each of four functional
groups (C3 forbs, C3 grasses, C3 legumes, and C4
grasses) to populate nine-species communities of
perennial plants. Native and exotic species were
selected using a paired species approach that
controlled for phylogeny and growth form
between pairs of native and exotic species. We
used a large pool of native and exotic species; all
exotic species used were already present in the
Texas ﬂora (Diggs et al. 1999). The species compo-
sition of our plots (mixtures) was very similar to
species composition of ﬁelds in the area, and our
study used all of the non-native species in the area
(Wilsey et al. 2011) that could be paired with
native species. Biomass did not differ signiﬁcantly
among species at planting (72 seedlings/m2). Sur-
vival rate was high during the initial growing per-
iod (Wilsey et al. 2011). We thus compared native
and exotic communities while controlling for soil
type, disturbance rate, and phylogeny (i.e., with-
out confounding factors present). Mixtures were
replicated at both the species draw (composition)
and true replicate levels for a total of 64 mixtures
(2 origins 9 2 irrigation levels 9 2 blocks 9 4
replicate draws (block) 9 2 true replicates).
Annual precipitation is 878 mm with a bimodal
pattern with a large peak in the spring and a
smaller peak in the autumn. Soils are Vertisol
usterts.
Half of the mixtures received water additions
during each summer of the experiment to match
predictions from global change models of
increased rainfall in summer months (Allan and
Soden 2008). Irrigated plots were hand-watered
from mid-July to mid-August each year begin-
ning in 2008 at a rate of 128 mm per month in
eight applications of 16 mm. Preliminary testing
of our technique showed no lateral water ﬂow
across the ﬂat ﬁeld. Soil cores (5 cm in depth)
taken the day following irrigation from irrigated
plots had consistently higher soil moisture than
those from control plots (Wilsey et al. 2011). All
plots were burned during winter on a ﬁve-year
cycle (ﬁrst time in February 2013). In order to
maintain the native and exotic status of the plots,
weeds were removed by hand while small. Thus,
our study focused on recovery from drought by
the planted species and did not include the
effects of plant invaders.
Data collection
Aboveground biomass and species composi-
tion were determined twice per year (late June
and October) in each plot using point intercept
techniques from June 2008 to June 2015 (Wilsey
et al. 2011). Brieﬂy, point intercept was done by
dropping pins vertically 25 times in a systematic
fashion in the inner 90 9 90 cm (1 9 1 m) por-
tion of each plot and noting all plant hits. Pin
drops were spaced 20 cm apart and dropped in a
5 9 5 grid. All species were counted in each plot
to determine species richness. Species that were
present but not hit were given a value of 0.5 hits
(Bowman et al. 2006, Yurkonis et al. 2010). Point
intercept hits were converted to biomass with
regression equations based on concurrent point
intercept sampling and biomass harvesting in
October 2008 (Appendix S1: Table S2). Relation-
ships between number of hits and biomass were
linear and strong across species (mean r2 across
35 species was 0.89 ranging from 0.69 to 0.99, not
including Trifolium repens, which became locally
extinct during the ﬁrst summer; Appendix S1:
Table S2). Climate variables (1914–2013), includ-
ing daily precipitation, maximum and minimum
temperatures, were downloaded from the
weather station at the Grassland, Soil, and Water
Research Laboratory (http://www.ars.usda.gov).
The year prior to sampling was deﬁned from
June 16th to next June 15th for the June sampling
and from October 16th to next October 15th for
the October sampling. We used RUE, rather than
AGB, an index of ecosystem functioning because
inter-annual variability in precipitation is large at
our site. Rain-use efﬁciency is deﬁned as AGB
divided by annual precipitation in un-irrigated
plots or annual precipitation plus irrigation in
irrigated plots. This value gives the amount of
biomass produced per unit of yearly precipita-
tion, and thus could be used to compare plots
across years that varied in precipitation. Our
results were qualitatively similar whether we
used RUE or AGB.
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Statistical analysis
Experimental response variables were ana-
lyzed using a mixed-model ANOVA with PROC
MIXED in SAS 9.2 (SAS Institute, Cary, North
Carolina, USA) with grassland origin (native vs.
exotic), irrigation, and block as ﬁxed factors, and
species composition (draw [block]) and its inter-
actions as random factors (Wilsey et al. 2011),
using the Kenwood-Roger correction method.
We used repeated-measures ANOVAwith a ﬁrst-
order autoregressive (1) covariance structure to
analyze responses of RUE, species richness,
Simpson’s diversity, biomass of different func-
tional groups—C3 grasses, C3 forbs, C3 legumes,
C4 grasses, and short (<45 cm) grasses (over-
lapped with the C3 and C4 grasses)—to drought
(Diggs et al. 1999). Plant functional groups were
used in analyses rather than individual species
because all of the species were not included in all
mixtures. Recovery was tested by contrasting RUE
in 2010 with RUE in subsequent growing seasons
(2012, 2013, etc.). The year 2010, the growing sea-
son immediately prior to the drought, was consid-
ered as the pre-drought period in comparisons.
Relationships between changes in RUE (ΔRUE)
and functional group composition were analyzed
with PROC REG in SAS 9.2 followed by conﬁrma-
tory analyses using structural equation modeling
(SEM) as described below.
Structural equation modeling was applied to
quantify indirect effects of drought on RUE. We
created a conceptual model based on a priori and
theoretical knowledge. Four major pathways
were constructed to explore the effect of pre- vs.
post-drought changes in native and exotic com-
munities on ΔRUE. Among them were differ-
ences in species richness, Simpson’s diversity,
proportion of C3 forb biomass, and proportion of
short grass biomass. These pathways tested
whether high species diversity or functional
group composition (Polley et al. 2014) was corre-
lated with recovery. The proportion of short
grasses was used as a predictor because mono-
culture biomass was lower for these species than
for tall grasses, implying that a shift to short
grasses could reduce post-drought productivity
and RUE (Polley et al. 2014). We did not include
proportion biomass of C3 grasses and C3
legumes in the SEM, because these groups con-
tributed little to AGB. Proportion biomass of C4
and tall grasses were also excluded from the
SEM because they were the inverse of the vari-
ables that we did use. Data were ﬁtted to the
model using the maximum-likelihood estimation
method. Adequate model ﬁt was indicated by a
non-signiﬁcant chi-square test (P > 0.05). Struc-
tural equation modeling analysis was performed
using AMOS 21.0 software (IBM, SPSS, Armonk,
New York, USA).
RESULTS
Climatic variables
The year 2011 was an extreme drought year,
with a <2% statistical probability of occurrence
(Fig. 1a). Our site only received 405 mm of
precipitation, which was approximately 46% of
the long-term mean (878 mm). Neither the
amount of precipitation nor temperatures dif-
fered between pre- and post-drought periods
(P > 0.05; Fig. 1a). Mean maximum and mini-
mum daily temperatures in 2011 were higher
than those in the pre-drought period (Fig. 1b, c).
The drought impacts in 2011
The drought in 2011 reduced RUE by 84% and
80% in native and exotic communities, respec-
tively (all P < 0.001; Fig. 2). Aboveground bio-
mass was reduced by 93% in native communities
and 92% in exotic ones (all P < 0.001; App-
endix S1: Fig. S3). Rain-use efﬁciency and AGB
were also signiﬁcantly reduced in the ﬁrst grow-
ing season (2012) after the drought (contrast
P < 0.001; Table 1). On average, RUE of native
and exotic communities recovered by the second
growing season (contrast P > 0.05; Table 1),
although species richness and diversity remained
below pre-drought levels (Figs. 2 and 3). Exotic
communities showed signiﬁcantly higher
RUE than native communities across years
(Table 2, Fig. 2). The main effects of origin and
irrigation on RUE were consistent across years.
Irrigation signiﬁcantly decreased RUE (P < 0.05;
Table 2, Fig. 4), more so in exotic than in native
communities.
Underlying mechanisms
Interestingly, not all mixtures recovered from
the drought. Differences in recovery were associ-
ated with differing shifts in species composition
in both native and exotic communities. However,
the species involved differed by grassland origin
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(Figs. 5 and 6). Drought initiated a shift toward
greater forb and short grass abundance that con-
tinued following drought relief in native and exo-
tic communities, respectively. Forbs such as
Vernonia baldwinii contributed as much as 40% of
community ABG following drought in native
communities (Appendix S1: Fig. S4a, b). Exotic
short grasses, such as Cynodon dactylon, continued
to increase following drought relief to the near
exclusion of other species in some exotic plots
(Appendix S1: Fig. S4a, c). Rain-use efﬁciency
recovered the most in native communities that
had the largest increases in C3 forb fraction
(P < 0.01; Fig. 5). Rain-use efﬁciency recovered
the most in exotic communities that had no
increase in short grass fraction following drought
(P < 0.001; Fig. 6).
DISCUSSION
We found signiﬁcant direct and indirect (i.e.,
legacy) effects of the 2011 drought on grassland
functioning. The drought decreased RUE by 82%
in 2011. Rain-use efﬁciency remained lower than
pre-drought levels through the 2012 growing
season. The drought legacy in our sub-humid
Fig. 1. The drought in 2011 based on an estimated
probability function calculated from 100 years of
annual precipitation (October 16th–October 15th,
1914–2014, (a) and mean maximum (b) and minimum
(c) daily air temperatures during 2008–2015 compared
to 100 years of air temperatures for the study site. The
year 2011 was an extreme drought year, with a <2%
statistical probability of occurrence (black dots). The
irrigated plots received a total of 533 mm
(405 + 128 mm from the treatment) of precipitation in
2011 (dark gray denoted 11+), with a <5% statistical
probability of occurrence. The precipitation and tem-
peratures in 2015 were from June 16th to June 15th
because our last sampling in 2015 was in June.
Fig. 2. Rain-use efﬁciency (RUE) in June and Octo-
ber of each year in native and exotic communities.
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grassland system was negative, as predicted by
Sala et al. (2012b). The continued reduction in
biomass throughout 2012 did not support the
predictions of the transient maxima hypothesis
(Seastedt and Knapp 1993), perhaps because the
drought was so extreme. On average, RUE in
both exotic and native communities recovered to
pre-drought levels, but species richness and func-
tional composition did not. The key mechanism
explaining mixture differences in recovery was
species reorganization within plant communities,
although the functional groups that were impor-
tant to recovery differed between native and exo-
tic communities. Precipitation and temperature
differed little between time periods (before vs.
after the drought), implying that these factors
did not contribute to differences in drought
recovery.
Table 1. Contrast results (F tests, a priori) on rain-use
efﬁciency (RUE, gm2mm1) of pre-drought period
(2010) with the post-drought years 2012 and 2013
across treatments (whole), and for native and exotic
communities separately.
Treatment df
Pre vs. 12 Pre vs. 13
F, P F, P
Whole 1, 370 35.98*** 0.07
Natives 1, 370 12.64*** 1.27
Exotics 1, 370 24.28*** 0.55
*** P < 0.001.
Fig. 3. Species richness (a) and Simpson’s diversity
(b) in June (J) and October (O) of each year in native
and exotic communities.
Table 2. Results of mixed-model ANOVA (F tests) that
compared rain-use efﬁciency (RUE, gm2mm1)
between native and exotic plots (Origin) that
received summer irrigation or not (Irrig) yearly for
the entire time (Time) period (2008–2015).
Source
RUE
df F, P
Block
Origin 1, 12.7 0.69
Irrig 1, 7.4 15.03**
O 9 I 1, 371 6.76*
Time 13, 371 81.79***
Time 9 O 13, 371 2.39*
Time 9 I 13, 371 1.26
Time 9 O 9 I 13, 371 0.63
P < 0.05, P < 0.01, and P < 0.001.
Fig. 4. Effects of irrigation on rain-use efﬁciency
(RUE) during pre- and post-drought years. Summer
irrigation consistently decreased RUE. P < 0.05,
P < 0.01.
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Fig. 5. Path analysis of relationships among post- to
pre-drought differences in species richness (ΔS), Simp-
son’s diversity (ΔD), proportion biomass of C3 forbs
(Δ% C3 forbs), short grass (Δ% short grasses), and rain-
use efﬁciency (ΔRUE, mostly negative) across plots in
native communities (a, v2 = 4.78, P = 0.44). Panel b
shows relationships of post- to pre-drought differences
in RUE (ΔRUE) and % C3 forbs (Δ% C3 forbs) and the
95% conﬁdence lines (dashed) in native communities.
Solid and dashed arrows in panel a represent signiﬁ-
cant (P < 0.05) and non-signiﬁcant (P > 0.05) paths in
a ﬁtted structural equation model depicting impact of
variables on RUE. The post- to pre-drought differences
(Δ) in the variables in this ﬁgure were calculated as
the differences between post- and pre-drought years
(post  pre).
Fig. 6. Path analysis of relationships among the
post- to pre-drought differences in species richness
(ΔS), Simpson’s diversity (ΔD), proportion biomass of
C3 forbs (Δ% C3 forbs), short grass (Δ% short grasses),
and rain-use efﬁciency (ΔRUE, mostly negative) across
plots in exotic communities (a, v2 = 2.67, P = 0.45).
Panel b shows relationships of the post- to pre-drought
differences between RUE (ΔRUE) and % short grasses
(Δ% short grasses) and the 95% conﬁdence lines
(dashed) in exotic communities. Solid and dashed
arrows in panel a represent signiﬁcant (P < 0.05) and
non-signiﬁcant (P > 0.05) paths in a ﬁtted structural
equation model depicting impact of variables on RUE.
The post- to pre-drought differences (Δ) in the vari-
ables in this ﬁgure were calculated as the differences
between post- and pre-drought years (post  pre).
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Extreme droughts can reduce biomass produc-
tion and alter plant community composition
(Weaver 1954, Hoover et al. 2014). The 2011
drought reduced AGB by >92%, and triggered
shifts in plant species composition. C3 forbs were
resilient to drought in native communities and
often increased in relative abundance, especially
in diverse mixtures (Wilsey et al. 2011, 2014). C3
forbs typically concentrate roots deeper than C4
grasses (Nippert and Knapp 2007, Xu et al. 2014),
which may have enabled C3 forbs to suffer less
during the drought. In contrast, exotic communi-
ties were highly dominated by C4 grasses and
had low forb abundance (Wilsey et al. 2014).
Short grasses increased during and after the
drought in a subset of exotic communities. Com-
position of some of these exotic mixtures
approached that of Cynodon dactylon (short grass)
monocultures (Appendix S1: Fig. S4c). This shift
to short-statured species with lower-than-average
RUE strongly limited drought recovery. Feed-
backs from functional group change (Polley et al.
2014) can have important legacy effects on
drought recovery.
Drought may lead to community-level respon-
ses, including compositional changes, that affect
subsequent community function (Smith et al.
2009, Smith 2011). Survivorship among different
species could vary due to their differential toler-
ance to droughts, leading to persistent changes
in species composition (Niu et al. 2014). A repre-
sentative example is the gradual replacement
of tallgrass prairie in central Kansas, eastern
Nebraska, and eastern South Dakota, United
States, by mixed prairie with its dominant
mid-grasses and sub-dominant short grasses fol-
lowing the driest consecutive 2-year period
(1933–1934) during 1930s drought (Weaver 1954,
1968). In an experimentally imposed extreme
drought, a perennial forb (Solidago canadensis) and
the dominant grass (Andropogon gerardii) reor-
dered and the reordering persisted post-drought
(Hoover et al. 2014). In the Swiss Alps, extremely
dry years led to long-term reductions in grass per-
cent cover (and increases in forbs). This reduction
persisted for decades after the drought occurred
(Stampﬂi and Zeiter 2004). Drought increased
abundance of C3 forbs in native communities and
short grasses in some exotic communities, but on
average, RUE of plant communities recovered
to pre-drought levels within 2 yr. Drought also
changed community composition of tallgrass
prairie, but aboveground productivity recovered
rather quickly to pre-drought levels (Hoover
et al. 2014).
Species diversity was much higher in native
than in exotic communities in our study
(Appendix S1: Table S3; Wilsey et al. 2014), but
RUE recovery from drought was no quicker in
native than in exotic mixtures. Isbell et al. (2015)
found that resistance and stability to extreme
precipitation years were higher in plots with
high species richness, but that resilience to
drought was unaffected by species richness. Our
ﬁnding that resilience (recovery) was no greater
in diverse than in depauperate communities
implies that either resilience to drought is rela-
tively insensitive to species richness or is not
affected by richness declines among invasive
exotic species. Exotic communities persisted
through a major drought that might have been
expected to “reset” the system.
Interestingly, RUE in some of the exotic and
native communities did not recover to the pre-
drought level. The amount of precipitation
received did not differ between pre- and post-
drought periods and was within the normal
range, implying that the pre- to post-drought
reduction in RUE was linked to community
change. Such changes are predicted to have the
largest impact on ecosystem functions post-
drought (Smith 2011, Anderegg et al. 2015). Dif-
ferences in plant community structure can drive
substantial differences in sensitivity of AGB to
precipitation (Veron et al. 2002). For example,
the mean proportion of C3 forb and short grass
biomass across plots was signiﬁcantly higher
post-drought in native and exotic communities,
respectively (Appendix S1: Fig. S5). Although the
physiological mechanisms that explain why
drought favored C3 forbs in native and short
grasses in exotic communities are yet to be
revealed, our results indicate that changes in
plant community composition in response to
drought can alter ecosystem function for years
thereafter (Kreyling et al. 2008, van der Molen
et al. 2011).
The observed differences in plant community
composition between pre- and post-drought
periods strongly deﬁned the drought legacies of
the system. Unfortunately, our native–exotic
design precluded the opportunity for invasion of
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non-planted species. Invaders can have strong
inﬂuences on species compositions during and
after droughts, and further work should be done
with plots that can be invaded. Invaders could
enhance this legacy effect or could cause a
community shift back toward the original com-
position. Nevertheless, changes in community
composition and associated legacy effects follow-
ing extreme droughts conﬂict with the implicit
assumption in coupled climate-C cycle models
that vegetation recovery from extreme droughts
is immediate and complete (Anderegg et al.
2015).
ACKNOWLEDGMENTS
We would like to thank Katherine Jones and Chris
Kolodziejczyk for help in the ﬁeld. The study was
ﬁnancially supported by National Science Foundation
(NSF) DEB-0639417 and USDA-NIFA Grant 2014-
67003-22067. Mention of trade names or commercial
products does not imply endorsement by the US
Department of Agriculture. USDA is an equal oppor-
tunity provider and employer.
LITERATURE CITED
Allan, R. P., and B. J. Soden. 2008. Atmospheric warm-
ing and the ampliﬁcation of precipitation extremes.
Science 321:1481–1484.
Anderegg, W. R. L., et al. 2015. Pervasive drought
legacies in forest ecosystems and their implications
for carbon cycle models. Science 349:528–532.
Blair, J. M. 1997. Fire, N availability, and plant
response in grasslands: a test of the transient max-
ima hypothesis. Ecology 78:2359–2368.
Bowman, W. D., J. R. Gartner, K. Holland, and
M. Wiedermann. 2006. Nitrogen critical loads for
alpine vegetation and terrestrial ecosystem
response: Are we there yet? Ecological Applica-
tions 16:1183–1193.
Breshears, D. D., et al. 2005. Regional vegetation
die-off in response to global-change-type drought.
Proceedings of the National Academy of Sciences
of the United States of America 102:15144–15148.
Ciais, P., et al. 2005. Europe-wide reduction in primary
productivity caused by the heat and drought in
2003. Nature 437:529–533.
Diggs Jr., G. M., B. L. Lipscomb, and R. J. O’Kennon.
1999. Shinners and Mahler’s illustrated ﬂora of
north central Texas. Sida, Botanical Miscellany 16.
Botanical Research Institute of Texas, Forth Worth,
Texas, USA.
European Environment Agency. 2005. Vulnerability
and Adaptation to Climate Change. Technical
Report No. 7. European Topic Centre for Air and
Climate Change (ETC./ACC), Copenhagen.
Fischer, E. M., and R. Knutti. 2014. Detection of spa-
tially aggregated changes in temperature and pre-
cipitation extremes. Geophysical Research Letters
41:547–554.
Founda, D., and C. Giannakopoulos. 2009. The excep-
tionally hot summer of 2007 in Athens, Greece—
A typical summer in the future climate? Global
and Planetary Change 67:227–236.
Frank, D., et al. 2015. Effects of climate extremes on
the terrestrial carbon cycle: concepts, processes and
potential future impacts. Global Change Biology
21:2861–2880.
Hanson, C. E., J. P. Palutikof, A. Dlugolecki, and
C. Giannakopoulos. 2006. Bridging the gap
between science and the stakeholder: the case of
climate change research. Climate Research 31:
121–133.
Hirschi, M., S. I. Seneviratne, V. Alexandrov, F. Boberg,
C. Boroneant, O. B. Christensen, H. Formayer,
B. Orlowsky, and P. Stepanek. 2011. Observational
evidence for soil-moisture impact on hot extremes
in southeastern Europe. Nature Geoscience 4:
17–21.
Hoover, D. L., A. K. Knapp, and M. D. Smith.
2014. Resistance and resilience of a grassland
ecosystem to climate extremes. Ecology 95:2646–
2656.
IPCC. 2013. Summary for policymakers. Pages 1–26 in
T. F. Stocker, D. Qin, G.-K. Plattner, M. Tignor,
S. K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex,
and P. M. Midgley, editors. Climate change 2013:
the physical science basis. Contribution of Working
Group I to the Fifth Assessment Report of the Inter-
governmental Panel on Climate Change. Cam-
bridge University Press, Cambridge, UK and New
York, New York, USA.
Isbell, F., et al. 2015. Biodiversity increases the resis-
tance of ecosystem productivity to climate
extremes. Nature 526:574–577.
Karl, T. R., and R. W. Knight. 1998. Secular trends of
precipitation amount, frequency, and intensity in
the United States. Bulletin of the American Meteo-
rological Society 79:231–241.
Knapp, A. K., C. J. W. Carroll, E. M. Denton, K. J.
La Pierre, S. L. Collins, and M. D. Smith. 2015.
Differential sensitivity to regional-scale drought
in six central US grasslands. Oecologia 177:
949–957.
Kreyling, J., M. Wenigmann, C. Beierkuhnlein, and
A. Jentsch. 2008. Effects of extreme weather events
on plant productivity and tissue die-back are
 ❖ www.esajournals.org 9 March 2017 ❖ Volume 8(3) ❖ Article e01704
XU ET AL.
modiﬁed by community composition. Ecosystems
11:752–763.
Lewis, S. L., P. M. Brando, O. L. Phillips, G. M. F. van
der Heijden, and D. Nepstad. 2011. The 2010 Ama-
zon drought. Science 331:554.
Martin, L. M., H. W. Polley, P. P. Daneshgar, M. A.
Harris, and B. J. Wilsey. 2014. Biodiversity, photo-
synthetic mode, and ecosystem services differ
between native and novel ecosystems. Oecologia
175:687–697.
Moran, M. S., et al. 2014. Functional response of U.S.
grasslands to the early 21st-century drought. Ecol-
ogy 95:2121–2133.
National Oceanic and Atmospheric Administration.
(2011). State of the climate: drought (p. August).
Nippert, J. B., and A. K. Knapp. 2007. Linking water
uptake with rooting patterns in grassland species.
Oecologia 153:261–272.
Niu, S. L., Y. Q. Luo, D. J. Li, S. H. Cao, J. Y. Xia, J. W.
Li, and M. D. Smith. 2014. Plant growth and
mortality under climatic extremes: an overview.
Environmental and Experimental Botany 98:13–19.
Phillips, O. L., et al. 2009. Drought sensitivity of the
Amazon rainforest. Science 323:1344–1347.
Polley, H. W., J. D. Derner, R. B. Jackson, B. J. Wilsey,
and P. A. Fay. 2014. Impacts of climate change dri-
vers on C-4 grassland productivity: scaling driver
effects through the plant community. Journal of
Experimental Botany 65:3415–3424.
Polley, H. W., D. M. Johnson, and R. B. Jackson. 2016.
Canopy foliation and area as predictors of mortal-
ity risk from episodic drought for individual trees
of Ashe juniper. Plant Ecology 217:1105–1114.
Sala, O. E., L. A. Gherardi, L. Reichmann, E. Jobbagy,
and D. Peters. 2012b. Legacies of precipitation ﬂuc-
tuations on primary production: theory and data
synthesis. Philosophical Transactions of the Royal
Society of London B: Biological Sciences 367:3135–
3144.
Sala, A., D. R. Woodruff, and F. C. Meinzer. 2012a.
Carbon dynamics in trees: Feast or famine? Tree
Physiology 32:764–775.
Schwalm, C. R., C. A. Williams, K. Schaefer, D. Baldoc-
chi, T. A. Black, A. H. Goldstein, B. E. Law, W. C.
Oechel, T. P. U. Kyaw, and R. L. Scott. 2012. Reduc-
tion in carbon uptake during turn of the century
drought in western North America. Nature Geo-
science 5:551–556.
Scott, R. L., E. P. Hamerlynck, G. D. Jenerette, M. S.
Moran, and G. A. Barron-Gafford. 2010. Carbon
dioxide exchange in a semidesert grassland through
drought-induced vegetation change. Journal of
Geophysical Research: Biogeosciences 115:G03026.
https://doi.org/10.1029/2010JG001348
Seager, R., and G. A. Vecchi. 2010. Greenhouse
warming and the 21st century hydroclimate of
southwestern North America. Proceedings of the
National Academy of Sciences of the United States
of America 107:21277–21282.
Seastedt, T., and A. Knapp. 1993. Consequences of
nonequilibrium resource availability across multi-
ple time scales: the transient maxima hypothesis.
American Naturalist 141:621–623.
Smith, M. D. 2011. The ecological role of climate
extremes: current understanding and future pro-
spects. Journal of Ecology 99:651–655.
Smith, M. D., A. K. Knapp, and S. L. Collins. 2009. A
framework for assessing ecosystem dynamics in
response to chronic resource alterations induced by
global change. Ecology 90:3279–3289.
Stampﬂi, A., and M. Zeiter. 2004. Plant regenera-
tion directs changes in grassland composition after
extreme drought: a 13-year study in southern
Switzerland. Journal of Ecology 92:568–576.
Tilman, D., and J. A. Downing. 1994. Biodiversity and
stability in grasslands. Nature 367:363–365.
van der Molen, M. K., et al. 2011. Drought and ecosys-
tem carbon cycling. Agricultural and Forest Meteo-
rology 151:765–773.
Veron, S. R., J. M. Paruelo, O. E. Sala, and W. K. Lauen-
roth. 2002. Environmental controls of primary pro-
duction in agricultural systems of the Argentine
Pampas. Ecosystems 5:625–635.
Weaver, J. E. 1954. North American prairie. Johnson
Publishing, Lincoln, Nebraska, USA.
Weaver, J. E. 1968. Prairie plants and their environ-
ment. University of Nebraska, Lincoln, Nebraska,
USA.
Wilsey, B. J., P. P. Daneshgar, K. Hofmockel, and H. W.
Polley. 2014. Invaded grassland communities have
altered stability-maintenance mechanisms but
equal stability compared to native communities.
Ecology Letters 17:92–100.
Wilsey, B. J., P. P. Daneshgar, and H. W. Polley. 2011.
Biodiversity, phenology and temporal niche differ-
ences between native- and novel exotic-dominated
grasslands. Perspectives in Plant Ecology, Evolu-
tion and Systematics 13:265–276.
Xu, X., Y. Q. Luo, Z. Shi, X. H. Zhou, and D. J. Li. 2014.
Consistent proportional increments in responses
of belowground net primary productivity to long-
term warming and clipping at various soil depths
in a tallgrass prairie. Oecologia 174:1045–1054.
Xu, X., H. W. Polley, K. Hofmockel, P. P. Danesh-
gar, and B. J. Wilsey. 2015. Plant invasions differen-
tially affected by diversity and dominant species in
native- and exotic-dominated grasslands. Ecology
and Evolution 5:5662–5670.
 ❖ www.esajournals.org 10 March 2017 ❖ Volume 8(3) ❖ Article e01704
XU ET AL.
Yurkonis, K. A., B. J. Wilsey, K. A. Moloney, and
A. G. van der Valk. 2010. The impact of seeding
method on diversity and plant distribution in
two restored grasslands. Restoration Ecology 18:
311–321.
Zampieri, M., F. D’Andrea, R. Vautard, P. Ciais, N. de
Noblet-Ducoudre, and P. Yiou. 2009. Hot European
summers and the role of soil moisture in the propa-
gation of mediterranean drought. Journal of Cli-
mate 22:4747–4758.
SUPPORTING INFORMATION
Additional Supporting Information may be found online at: http://onlinelibrary.wiley.com/doi/10.1002/ecs2.
1704/full
 ❖ www.esajournals.org 11 March 2017 ❖ Volume 8(3) ❖ Article e01704
XU ET AL.
